The paired-like homeodomain (HD) protein Chx10 is distinguished by the presence of the CVC domain, a conserved 56 amino acid sequence C-terminal to the HD. In mammals, Chx10 is essential both for the proliferation of retinal progenitor cells and for the formation or survival of retinal bipolar interneurons. We describe the cloning and characterization of a mouse Chx10 homologue, Vsx1; phylogenetic analysis suggests that Vsx1 and its putative vertebrate orthologues have evolved rapidly. Vsx1 expression in the adult is predominantly retinal. Whereas Chx10 is expressed both in retinal progenitors in the developing eye and apparently in all bipolar cells of the mature retina, Vsx1 expression is first detected in the eye at postnatal day 5, where it is restricted to cone bipolar cells. q
Results
At least 29 transcription factors, including 14 HD proteins, are required for the development of the mammalian eye (Haider et al., 2000; Horsford et al., 2001; Jean et al., 1998) . In particular, members of the paired-like class of HD proteins, including Pax6, Hesx1, Crx, Rx and Chx10 are major determinants of eye formation (Horsford et al., 2001; Jean et al., 1998) . The CVC domain, identified initially in mammalian Chx10 (Liu et al., 1994) , goldfish Vsx1 and Vsx2 , and the C. elegans protein CEH-10 ( Svendsen and McGhee, 1995) defines a unique family of paired-like HD proteins. Homozygous Chx10 null alleles are associated with microphthalmia in both mouse (Burmeister et al., 1996) and human (Percin et al., 2000) . In retina, the loss of Chx10 function impairs the proliferation of retinal progenitor cells and prevents the specification, differentiation or maintenance of rod and cone bipolar cells (Bone-Larson et al., 2000; Burmeister et al., 1996) . The function of the CVC domain is unknown. However, the requirement of ceh-10 for interneuron formation in C. elegans (Altun-Gultekin et al., 2001 ) and of Chx10 for bipolar cell development in mammals, suggest a remarkably conserved role for HD/CVC domain proteins in interneuron biology.
To identify mammalian homologues of Chx10, we screened both a mouse 129 genomic library and an adult mouse retina cDNA library and cloned Vsx1 (Fig. 1A,B) , the putative mouse orthologue of human VSX1 (Hayashi et al., 2000) , goldfish Vsx1 (Levine et al., 1994) , chick Chx10-1 (Chen and Cepko, 2000) , and bovine RINX (Hayashi et al., 2000) . The mouse Vsx1 363 amino acid predicted polypeptide contains a paired-like HD (Burglin, 1994 ) and a CVC domain (Fig. 1B,C) .
Proteins with both a HD and a CVC domain can be classified into two groups, depending on their similarity to Vsx1 or Vsx2 (which includes Chx10) (Fig. 2 ). This classification is based on (i) the presence of five group-specific amino acids within the HD/CVC region ( Fig. 2A , open and closed dots), (ii) the presence of the RV region in the Vsx1 group but not in the Vsx2 group (Hayashi et al., 2000) and (iii) the presence of the OAR domain (Furukawa et al., 1997) in the Vsx2 group but not in the Vsx1 group. The HD/CVC domains of CEH-10 (Svendsen and McGhee, 1995) and two Drosophila predicted peptides (CG15782 and CG4136; GenBank Accession No. AE003434) all contain amino acid residues that are exclusive to the Vsx2 group ( Fig. 2A) . Furthermore, CEH-10 and the Drosophila CG15782 predicted polypeptides have OAR domains, indicating that invertebrate HD/CVC domain proteins are ancestrally more related to the Vsx2 group, and that Vsx1 may have arisen from a duplication of Vsx2/Chx10 after the separation of chordates, arthropods and nematodes (Fig.  2B) .
Vsx1 maps to chromosome 2 between coloboma (78 cM) and blind sterile (83 cM) (B. Taylor, personal communication) and is syntenic to the region on human chromosome 20p11.2 to which human VSX1 has been mapped (Hayashi et al., 2000) . Since mouse Vsx1 and human VSX1 are syntenic and share significant sequence identity, and because we find no other HD/CVC domain-encoding genes in either the Celera assembled human and mouse genome databases, nor in the public databases, it is likely that these two genes are orthologous.
Despite their apparent orthology, mouse Vsx1 and human VSX1 are unexpectedly divergent, sharing only 71% overall amino acid identity ( Table 1) . Outside of the HD and CVC domains, the mouse Vsx1 and human VSX1 polypeptides are only 64 and 57% identical N-terminal and C-terminal to the HD/CVC domains, respectively. This level of conservation contrasts sharply with the conservation between mouse Chx10 and human CHX10, which are 96% identical overall, with 99 and 87% amino acid identity N-terminal and Cterminal to the HD/CVC domains, respectively. These findings are unexpected, since the level of conservation between other orthologous human and mouse transcription factors involved in eye development is generally very high, between 90-100% ( Table 1) . The HD/CVC domains of other putative Vsx1 orthologues are also divergent, in contrast to the members of the Vsx2 group, in which these two domains are nearly 100% conserved ( Fig. 2A,B) . Notably, the Vsx1 HD/CVC domains of mammals have diverged considerably more than the corresponding sequences in fish and birds (Fig. 2B ). These observations, particularly in contrast to the strong conservation of the HD/CVC sequences of the Vsx2 genes, suggest that the Vsx1 group, especially in mammals, is evolving rapidly.
To determine the pattern of expression of Vsx1, we first used polyA 1 -RNA blots and RT-PCR analyses of both developing and adult tissues (Fig. 3) . Of nine adult mouse tissues examined, Vsx1 expression was detected at appreciable levels, only in the neuroretina (Fig. 3A) . Vsx1 expression in the eye was not detected on polyA 1 -RNA blots of the embryonic (E) eye at any time examined, nor at the day of birth (P0); expression similar to that of the adult neuroretina was present at postnatal day 7 (P7) (Fig. 3B , lane 6). This pattern of developmental expression is in distinct contrast to that of Chx10 (Fig. 3B , lanes 1-4), whose transcripts are first observed in retinal progenitor cells at E9.5 (Liu et al., 1994) . Vsx1 was detected only in the adult mouse retina and not in the lens or cornea, by RT-PCR (Fig. 3C) . Although undetectable on RNA blots, Vsx1 could be detected by RT-PCR in the brain, lung, heart, spleen and testes and in the eye between E14 and P0 (data not shown). We also found, in repeated analyses, that the human VSX1 gene was neuroretina-specific Fig. 3 . Vsx1 expression is virtually retina-specific in adult mouse tissues (A), and in the developing and mature mouse eye (B,C). Multi-tissue blots of polyA 1 -selected CD-1 mouse RNA (2 mg) from 3-month-old mice (A), and from whole eyes of developing mice (B). Expression of Vsx1 is restricted to the neuroretina (A, lane 1) in which four distinct bands were observed (asterisks). Faint Vsx1 hybridizing bands are observed in the brain, kidney and spleen (A). b-actin serves as a positive control for RNA transfer to blot. EtBr, ethidium bromide staining of residual 18S and 28S ribosomal RNA to indicate relative loading of RNA. (B) Vsx1 expression is not observed at embryonic day 14, 15, 16, or 18 (lanes 1-4) or at day of birth (lanes 5), but is apparent by P7 (lane 6) in staged whole eye RNA and in adult neuroretinal RNA from 3 month old mice (lane 7). Chx10 expression (B, middle panel) serves as an RNA control and is expressed at all stages examined. (C) Vsx1 expression in adult eye is limited to the neuroretina. RT-PCR analysis of 5-month-old mouse retina, lens and cornea RNA. Lanes 1-3 contain cDNA made without reverse transcriptase. Lanes 4-6 contain cDNA made with reverse transcriptase; cDNA fragments were amplified using intron spanning primers for Vsx1 (top row) and the housekeeping gene hypoxanthine guanine phosphoribosyl transferase (HPRT, bottom row). CVC, this domain was named after the first three proteins in which it was identified: Chx10 (mouse), VSX1 (goldfish) and CEH-10 (nematode) (Svendsen and McGhee, 1995) ; UTR, untranslated region; RV, RINX/Vsx1 homology region; A, poly-adenylation sequence (C) Sequence of Vsx1 open reading frame region. The Vsx1 octapeptide (dashed line) is of the HSIDGILG type (Noll, 1993 ) that has been found in some members of the Pax/prd class of HD proteins including Chx10 (FGIQEILG) (Liu et al., 1994) . A putative nuclear targeting sequence (KRKKRRHR) identical to that of human VSX1 is situated at the beginning of the HD. The 15 amino acid RV (RINX/Vsx1) region (double underline) has previously been shown to be conserved in human VSX1, goldfish Vsx1 and bovine RINX (Hayashi et al., 2000) . Boxed region, homeodomain; solid underline, CVC domain; black arrows, introns.
in its ocular expression (RLC and RRM, unpublished data), in contrast to a previous report that VSX1 was expressed in cornea as well as retina (Semina et al., 2000) .
To confirm the retinal specificity of Vsx1 expression and to localize its expression within the retina we performed in situ hybridization analyses of the developing and mature eye. Vsx1 transcripts were observed at P5, solely within the INL region of the central neuroretina (Fig. 4F,F  0 ) ; no expression was detected at earlier stages of development (Fig. 4E ,E 0 ;
data not shown). By days P6 and P7, expression had expanded peripherally in a manner similar to that observed for zebrafish Vsx1 and chick Chx10-1 (Chen and Cepko, 2000) during retinal neurogenesis. By P12, expression was restricted to the outer margin of the INL and had reached the outer periphery of the neuroretina but did not extend into the presumptive ciliary body (Fig. 4K, arrow) . Overall, this expression pattern is greatly restricted compared to that of Chx10, which is expressed broadly throughout the developing and mature INL ( Fig. 4A-D ) (Liu et al., 1994) . Immunofluorescence experiments using a Vsx1 antibody were entirely consistent with the data obtained by in situ hybridization; neuroretina expression was first observed at P5 and was restricted to the INL (data not shown).
To identify the cells of the INL that express Vsx1, we performed double-label immunofluorescence experiments with an affinity-purified Vsx1 antibody and retinal cell type-specific antibodies, and examined the staining patterns by confocal microscopy. Vsx1 colocalized with antibodies to recoverin, which identify specifically a subset of putative OFF-and ON-cone bipolar cells in the mouse (Haverkamp and Wassle, 2000; Milam et al., 1993) (Fig. 5A-C) . Since not all Vsx1-positive cells were labeled by recoverin (Fig.  5A-C) , Vsx1 may also be present in recoverin-negative cone bipolar cells. Significantly, and in direct contrast to Chx10 (Bone-Larson et al., 2000; Burmeister et al., 1996) , Vsx1 did not colocalize with the rod bipolar cell marker PKC (Zhang and Yeh, 1991) (Fig. 5D-F ). In addition, there was no colocalization with the pan-amacrine marker HPC-1 (Barnstable et al., 1985) (Fig. 5G-I) , the horizontal and amacrine marker calbindin (Rabie et al., 1985) (Fig. 5J-L) , nor with the Müller cell marker, cyclin D3 (Dyer and Cepko, 2000) (Fig. 5M-O) .
In conclusion, the Vsx1 gene is expressed predominantly in the adult mouse retina. Unlike its close homologue Chx10, which is found in both the developing retina and mature rod (Burmeister et al., 1996) and cone (RLC, RRM, unpublished data) bipolar cells, Vsx1 expression is restricted to postnatal cone bipolar interneurons. The rapid evolution of Vsx1 orthologues is noteworthy given the divergent nature of vertebrate cone photoreceptors, which are dependent on Vsx1-expressing cone bipolar cells for signal integration and for communication with ganglion cells.
Experimental procedures

Vsx1 cloning
A Vsx1 genomic clone was isolated from mouse 129 genomic library (a gift of J. Rossant) following a high stringency screen using a full-length mouse Chx10 cDNA (Liu et al., 1994) as probe. A low stringency screen done in parallel on a one-month old mouse BALB/c retina cDNA lambda phage cDNA library (Farjo et al., 1993) , using a VSX1 partial cDNA probe, yielded 11 Vsx1 cDNA clones. The Vsx1 cDNA sequence has been submitted to Genbank (Accession #AY056825).
Phylogenetic analysis
Phylogenetic analysis was performed on the HD/CVC regions of Vsx/Chx family members aligned using Clustalx (Thompson et al., 1997) . Pairwise distances were calculated as percent similarities (P-values) and neighbor-joining trees were constructed using the program MEGA (Kumar et al., 1993) .
RNA blots and RT-PCR
Total RNA from CD-1 mice (Charles River) was prepared using Trizol (Gibco) according to the manufacturer's protocol. polyA 1 -RNA was isolated using Oligotex mRNA Mini kit (Qiagen) and 2 mg of each RNA run on 0.9% formaldehyde agarose gels according to the manufacturer's protocol. Blots were hybridized using a combination of two Vsx1 fragments: a 5 0 fragment terminating before the HD (nucleotides 1-510 of the cDNA opening reading frame) and a 3 0 fragment beginning immediately after the sequences encoding the CVC domain (nucleotides 843-1089). To prepare cDNA, 0.5 mg of total RNA was reverse transcribed with random hexamers using Superscript-II reverse transcriptase (Gibco-BRL). cDNA was amplified for 35 cycles with a 608 C annealing temperature. The following intron-spanning primers were used: HPRT -CACAGGACTAGAACACC- TGC/TTGCTGGTGAAAAGGACCTC; Vsx1 -AAGACC-GAATACAGGTCTGG/TGGTTTTCTCATCCCTGTGG.
In situ hybridization
Tissues were dissected in ice cold PBS and fixed in 4% paraformaldhyde/PBS overnight at 48C. After washing in PBS and sinking in 30% sucrose, tissues were embedded in OCT (Sakura) and frozen sections cut at 14 mm. In situ hybridization was adapted from an established protocol (Schaeren-Wiemers and Gerfin-Moser, 1993) . Vsx1 (ORF nucleotides 843-1089) and Chx10 (Liu et al., 1994) riboprobes were labeled with digoxygenin-UTP (Roche). Hybridizations were carried out overnight at 658C. After washing, sections were incubated in a 1:2000 dilution of anti-digoxygenin AP Fab fragments (Roche) for 1 h at room temperature and developed by overnight incubation in NBT-BCIP (GibcoBRL). Stained sections were dehydrated in ethanol and xylene and mounted in Permount (Sigma).
Immunostaining
Frozen sections were prepared as above but sectioned at 10-12 mm. Prior to addition of antibody, slides were incubated in PBS 1 1% Triton X-100 and blocked in 10% goat serum/PBS. Primary antibodies were incubated overnight at 48C in 10% goat serum/PBS using the following dilutions: rabbit anti-Vsx1, 1:100 (see below); mouse anti-PKC, 1:500 (Sigma); rabbit anti-recoverin, 1:500 (gift of A. Dizhoor); HPC-1 mouse monoclonal, 1:500 (gift of C. Barnstable); mouse anti-calbindin, 1:500 (Sigma); rat anti-cyclin D3 1:50 (Santa Cruz Biotechnology, Inc.). The following secondary antibodies were used: Cy3-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.), AlexaFlour 488-conjugated goat-anti-mouse IgG (Molecular Probes) and AlexaFlour 488-conjugated goat anti-rat IgG (Molecular Probes). Secondary antibodies were used at a 1:100 dilution in PBS and incubated for 30 min at room temperature. For Vsx1/recoverin double labeling, Vsx1 primary and secondary labeling was carried out first, followed by addition of recoverin primary antibody (1 h at room temp) and secondary antibody labeling.
Vsx1 Antibody
Polyclonal antisera was raised in rabbit against the amino terminus of Vsx1 (up to but excluding the homeodomain, amino acids 1-120) fused to GST. Antibodies were affinity purified on a Vsx1-GST column according to established protocols.
Note
During the completion of this manuscript, a related paper describing the cloning and gene expression of mouse Vsx1 was published (Ohtoshi et al., (2001) Biochem. Biophys. Res. Commun. 286, [133] [134] [135] [136] [137] [138] [139] [140] .
